HIB but maintained in HU and POST compared with CON. Meanwhile, serum creatinine decreased and urea increased in HU compared with CON. All blood ions concentrations were unchanged in HIB, POST, and HU squirrels compared with CON except calcium which increased in HIB compared with CON, and phosphorus which increased in HIB and POST compared with CON. Most of detected serum biochemical analytes in POST recovered to the CON level. Blood viscosity, which was unchanged in all shear rates in HU, increased in HIB and recovered in POST in lower shear rates compared with CON. Erythrocyte and corpuscular volume decreased in HIB and HU but maintained in POST compared with CON. All the routine hematological parameters recovered in POST as compared with CON except platelet, which decreased in HIB and POST but maintained in HU compared with CON. In conclusion, our results suggested a remarkable ability to maintain blood homeostasis in hibernating squirrels.
1985; Popova et al. 1991; Santos-Junior et al. 2015) . However, changes in alkaline phosphatase (ALP) (Alexandre et al. 1988; Hellgren et al. 1985; Schmitt 1978) , aspartate aminotransferase (AST) (Begum et al. 1986; Hellgren et al. 1985) , serum calcium, and phosphate (Alexandre et al. 1988; van der Wiel et al. 1991; Santos-Junior et al. 2015) remain unclear, as controversial findings have been reported. In addition, the increased blood viscosity and erythrocyte rigidity but the decreased erythrocyte deformability reflect the response to muscle disuse in hindlimb unloading animals (including humans) (Alfrey et al. 1996; Kaperonis et al. 1988; Martin et al. 1986; Saunders et al. 2002) , which promote muscle atrophy and movement function damage, especially in following reloading after disuse.
Hibernation is an important survival strategy for many species of mammalian (e.g., bats, squirrels, and bears). Despite experiencing prolonged hibernating inactivity, limited/no muscle atrophy has been observed in hibernators. Therefore, hibernators are often used as models for investigating the mechanisms which prevent disuse-induced skeletal muscle atrophy (Bodine 2013b; Gao et al. 2012; Lohuis et al. 2007; Dang et al. 2016) . A previous study in hibernating Columbia ground squirrels (S. columbianus) reported that the erythrocyte count showed no significant changes, while the leukocyte count decreased considerably and the hematocrit increased; however, after arousal the leukocyte count increased and hematocrit recovered to a normal level (Nansel and Knoche 1972) . Moreover, increases in hemoglobin, erythrocyte count and haematocrit but decreases the leukocyte count have been reported in hibernating brown bears (Ursus arctos) (Graesli et al. 2015) . Significantly, the erythrocyte and leukocyte counts decrease in hibernating Mexico ground squirrels (S. mexicanus) (Larkin et al. 1972) and 13-lined ground squirrels (Ictidomys tridecemlineatus) (Spurrier and Dawe 1973) have also been reported. Other studies in hibernating 13-lined ground squirrels (Lechler and Penick 1963) and European ground squirrels (S. citellus) (Bouma et al. 2010 ) both demonstrated decreases in platelets concentration. In addition, the previous studies showed that some blood biochemical parameters changed, including decreased lactate dehydrogenase (LDH) activity in hibernating golden-mantled ground squirrels (S. lateralis) (Steffen et al. 1991) , elevated cholesterol and phospholipids in hibernating American black bears (Ursus americanus) (Chauhan et al. 2002) , elevated blood triglycerides and cholesterol levels and decreased AST, ALT, and ALP activities in hibernating brown bears (Graesli et al. 2015) occur. As these previous studies have been carried out in different species, and using different parameters, it is necessary to design a systematic study to assess all these changes in one mammalian hibernator.
In the present study, we investigated the effect of skeletal muscle disuse on blood parameters in ground squirrels during hibernation and non-hibernation periods. The purposes of this study were to: (1) assess the effects of long time inactivity during hibernation and hindlimb unloading during non-hibernation on blood parameters of Daurian ground squirrels (Spermophilus dauricus); (2) explore the mechanisms of anti-disuse atrophy in hibernators by comparing the effect of muscle disuse (hibernation inactivity versus hindlimb unloading) on blood biochemical analytes. Our study could provide a direct evidence of the differences in blood parameters during hibernation inactivity and hindlimb unloading. The results of our study, therefore, could have potential application in the development of new strategy to attenuate muscle disuse atrophy.
Materials and methods

Animals and grouping
Daurian ground squirrels were caught from the Weinan region in the Shaanxi Province of China. All animals were fed on normal rat chow and water ad libitium. According to several years of observation in our lab, Daurian ground squirrels enter into torpor in November, in which their body temperatures (T b ) were occasionally between 20 and 25 °C. When squirrels were ready to enter the torpor stage, they were transferred to a cold room with room temperature of 4-6 °C. The dates of entering torpor were determined by putting sawdust on the back of each subject and reaching a body temperature below 9 °C. Twenty-four ground squirrels were randomly divided into four groups (n = 6) with body weight-matched: (1) control group (CON): no hibernation animals in early October and maintained T b at 36-38 °C; (2) hibernation (HIB): animals after 2 months of hibernation with T b maintained at 5-8 °C; (3) post-hibernation (POST): animals awaking from hibernation and maintained T b at 36-38 °C for more than 2 days in March of following year; (4) hindlimb unloading group (HU): animals with 14 day hindlimb unloading in early October detailed below.
Hindlimb unloading model
The hindlimb unloading animal model was built as previously described (Morey-Holton et al. 2002; Wang et al. 2007) . Briefly, six animals were tail-suspended individually in special cages by thin string tied at one end to the tail and at the other end to the top of the cage in the same time. A swivel joint, which could be rotated a full 360°, ensured that the animals could move their forelimbs freely during tail-suspension but kept their bodies 30° from horizontal plane. All animals had water and rat chow ad libitum in 20-25 °C with a 12/12 h light-dark cycle and were killed after 14 day hindlimb unloading.
Laboratory measurements
Animals were deeply anaesthetized with 90 mg/kg sodium pentobarbital (i.p.). Blood was taken from the squirrels' hearts. Experiments were immediately performed to obtain the accurate whole blood viscosity (WBV). Blood biochemical analytes were assessed by an automatic biochemistry analyzer (7170A, Hitachi). Blood routine hematological parameters and blood rheological properties were assessed by an automatic hematology analyzer (XE-2100, Sysmex) and a blood viscometer (YDA-IV, China) in homogeneous blood with EDTA-K2, respectively. At the end of the experiment, the animals were euthanized by overdose injection of sodium pentobarbital.
All the above procedures were approved by the Regulations for the Administration of Affairs Concerning Experimental Animals (approved by the State Council of P.R. China, 1988) and the Animal Ethics Committee of Northwest University.
Immunohistochemistry analysis
Immunohistochemistry analysis was performed as previously described by our laboratory ). Tenμm-thick frozen muscle cross-sections were cut from the mid-belly of each muscle at −20 °C with a cryostat (Leica, Wetzlar, CM1850, Germany), and stored at −80 °C. Immunohistochemistry was used to determine muscle fiber crosssectional area and fiber type composition. The sections were air dried for 10 min and fixed in 4% paraformaldehyde in PBS (pH 7.4) for 20 min. Then, sections were incubated in a blocking solution (5% BSA) (Boster, Wuhan, China) for 30 min at room temperature and, in turn, incubated in a primary antibody solution at 4 °C overnight. The primary anti-skeletal fast myosin antibody (Sigma, St. Louis, MO) was used to visualize the type II myosin heavy-chain (MHC) in SOL muscle. Subsequently, sections were placed in goat anti-mouse IgG (Boster) for 30 min, in SABC (Boster) for 30 min, and in DAB (Boster) for 5-15 min at room temperature. These sections were viewed and captured as digital images using a VHX-5000 Digital Microscope (KEYENCE Corporation, Osaka, Japan) at an objective magnification of 40×. A minimum of three fibers or 600 cells were counted in each sample.
Statistical analysis
A one-way ANOVA with Fisher's LSD post hoc test was used to determine group differences and the ANOVA-Dunnett's T3 method was used when no homogeneity was detected. SPSS 17.0 was used for all statistical tests. Statistical significance was set at P < 0.05.
Results
Body weight, muscle wet weight, and the ratio of muscle wet weight/body weight Soleus muscle has been used extensively in skeletal muscle research because of the high sensitivity to disuse. Soleus muscle wet weight was significantly reduced in HU as compared with the CON (32%, P < 0.01), HIB (28%, P < 0.05), and POST (23%, P < 0.05) groups, but was unchanged among the CON, HIB, and POST groups (Fig. 1a) . The body weight in HIB and POST squirrels was reduced about 30 and 31% (P < 0.001), respectively, as compared with CON group, and there was no significant change in body weight between CON and HU squirrels (Fig. 1b) . The ratio of soleus muscle wet weight/body weight was significantly decreased about 30% (P < 0.05) in HU as compared to the CON group; Fig. 1 Effects of hibernation on body weight, soleus muscle wet weight and ratio of muscle wet weight/body weight in Daurian ground squirrels. a Bar graph depicting the changes in soleus muscle wet weight. b Bar graph depicting the changes in body weight. c Bar graph depicting the changes in the ratio of muscle wet weight/body weight. CON control group, HIB hibernation, POST post-hibernation, HU hindlimb unloading group. Data represent mean ± SD; n = 6. *P < 0.05, **P < 0.01, ***P < 0.001, compared with CON; # P < 0.05, ### P < 0.001, compared with HIB; & P < 0.05, &&& P < 0.001, compared with POST however, the ratios were increased by 35% (P < 0.001) in HIB and 25% (P < 0.05) in POST, respectively, as compared with CON group. In addition, the ratios of soleus muscle wet weight/body weight in HU showed a 48% decrease (P < 0.001) compared with HIB group, and a 44% decrease (P < 0.001) compared with POST group (Fig. 1c) .
Muscle fiber cross-sectional area (CSA) and muscle fiber type composition Immunohischemistry analysis was used for the determination of different muscle fiber types (Fig. 2a) . Compared with CON group, the fiber CSA of soleus muscle in POST group was significantly reduced by 31% (P < 0.05) in fast (MHC II) fibers. Meanwhile, the fiber CSA of soleus muscle in HU was significantly reduced by 32% (P < 0.05) in slow (MHC I) and 39% (P < 0.01) in fast (MHC II) fibers as compared with CON ( Fig. 2b) . Moreover, there was no significant change in the distribution of both slow and fast type fibers in soleus muscle among these four groups (Fig. 2c ).
Blood biochemical analytes
Compared with CON group, serum l-lactate dehydrogenase (LDH-L), ALT, and AST were significantly decreased by 47% (P < 0.001), 91% (P < 0.001), and 55% (P < 0.001) in HIB group, respectively, and were significantly decreased by 57% (P < 0.001), 85% (P < 0.001), and 86% (P < 0.001) in POST group, respectively. Moreover, AST and LDH-L activities in POST group showed 20-70% lower (P < 0.001) than those in HIB group. There was no significant change observed in albumin and globulin concentrations between CON and HIB groups; however, TP and albumin concentrations in POST showed 14-16% lower values (P < 0.05) than those in HIB group. Similarly, TG concentration in POST group was significantly reduced by 38% (P < 0.05) when compared with HIB group. Serum total cholesterol (TC), the high-density lipoprotein-cholesterol (HDL-C), and the low-density lipoprotein-cholesterol (LDL-C) concentrations were significantly increased by 54% (P < 0.001), 45% (P < 0.001), and 83% (P < 0.001) in HIB group as compared with CON group, respectively; but all of which were finally recovered to the CON level in POST group. Moreover, the uric acid (UA) concentration showed a 40% lower level (P < 0.01) in HIB than that in CON group, while the calcium and phosphate concentrations showed a 19% Values are represented as mean ± SE, n = 6. *P < 0.05, **P < 0.01, compared with CON higher level (P < 0.01) and a 174% higher level (P < 0.001) in HIB than those in CON group, respectively.
The LDH-L, ALT, and AST activities in HU group were significantly decreased by 37% (P < 0.001), 53% (P < 0.001), and 50% (P < 0.001) as compared with CON group, respectively; however, their activities in HU group were significantly increased by 19% (P < 0.001), fourfold (P < 0.001), and 12% (P < 0.05) as compared with HIB group, respectively, and were also significantly increased by 49% (P < 0.001), 2.2-fold (P < 0.01), and 2.7-fold (P < 0.001) as compared with POST group, respectively. Besides, TP, albumin, and globulin concentrations in HU group all reduced to the lowest levels among the four groups and significantly decreased as compared with CON and HIB groups (P < 0.01). Although the TG, TC, and HDL-C concentrations showed no obvious change between CON and HU groups, TG concentration was 71% higher (P < 0.01) than that in POST group, while the TC and HDL-C concentrations were 40-41% lower (P < 0.001) than those in HIB group. The LDL-C and creatinine concentrations in HU group were significantly decreased by 27-50% (P < 0.01) as compared with CON group, decreased by 37-78% (P < 0.001) as compared with HIB group, and decreased by 27-84% (P < 0.01) as compared with POST group. The urea concentration in HU group showed 47-57% higher than that in CON and HIB groups (P < 0.01). Moreover, serum Ca 2+ and phosphate concentration was unchanged between HU and CON groups, while both of which were significantly decreased by 25-59% (P < 0.001) in HU group as compared with HIB group. Other serum biochemical analytes (including ALP, the ratio of albumin and globulin, K + , Na + , CI − , and Mg 2+ ) did not show any significant changes following 14-day hindlimb unloading or months of hibernation (Table 1) .
Blood rheology properties
Compared with CON group, the whole blood viscosity (WBV) was significantly increased by 13% (P < 0.05) in 30 S −1 and 5% (P < 0.01) in 70 S −1 in HIB group, while no change was observed in both the relative high shear rate (120 S −1 ) in HIB group and in all three shear rates in POST group. The hematocrit in POST showed a 10% higher level (P < 0.05) than that in CON group, while the plasma Table 1 Serum biochemical values during different hibernation periods and hindlimb unloading in squirrels ALP alkaline phosphatase, LDH-L l-lactate dehydrogenase, ALT alanine aminotransferase, AST aspartate aminotransferase, TP total protein, ALB albumin, GLB globulin, A/G the ratio of albumin and globulin, TG triacylglycerol, TC total cholesterol, HDL-C the high-density lipoprotein-cholesterol, LDL-C the low-density lipoprotein-cholesterol, UA the uric acid, CRE creatinine, UR the urea, GLU glucose, HU hindlimb unloading, CON control group, HIB hibernation, POST post-hibernation. Data represent mean ± SD; n = 6. *P < 0.05, **P < 0.01, ***P < 0.001, compared with CON; viscosity (BPV) and the erythrocyte rigidity index (ERI) showed no significant change in both HIB and POST as compared with CON group (P > 0.05).
There was no significant change observed in all blood physiological indices between HU and other three groups except the hematocrit and ERI. The hematocrit in HU was significantly reduced by 17% (P < 0.05) as compared with CON group and 19% (P < 0.01) as compared with HIB group. Meanwhile, ERI in HU was significantly reduced by 12% (P < 0.05) as compared with CON group, 16% (P < 0.01) as compared with HIB group, and 23% (P < 0.001) as compared with POST group (Table 2) .
Routine hematological parameters
In the HIB group, the erythrocyte, platelet, and corpuscular volume (HCT) values were significantly decreased by 15% (P < 0.05), 70% (P < 0.001), and 13% (P < 0.05) as compared with CON group, respectively. However, the decreased erythrocyte and HCT recovered to the CON level in the POST group. In contrast to erythrocyte and HCT, the platelet content was significantly decreased by 70% (P < 0.001) in HIB and 42% (P < 0.001) in POST as compared with CON group.
In the HU group, the erythrocyte and HCT were significantly decreased by 17% (P < 0.01) and 18% (P < 0.01) as compared with CON group, respectively, and were also significantly decreased by 18% (P < 0.01) and 15% (P < 0.05) as compared with POST group, respectively. The mean corpuscular hemoglobin (MCH) and the mean corpuscular hemoglobin concentration (MCHC) in the HU group were significantly increased by 12% (P < 0.001) and 14% (P < 0.001), respectively, compared with CON group, and also were significantly increased by 9% (P < 0.01) and 7% (P < 0.05), respectively, as compared with POST group. Although the platelet content showed no significant change between CON and HU groups, it showed a 1.9-fold higher level (P < 0.001) in the HU group than that in the HIB group and a 54% higher level (P < 0.001) than that in POST group. Other blood physiological values such as leukocyte, hemoglobin, the mean corpuscular volume (MCV), and the erythrocyte distribution width (RDW) showed no significant differences between those four groups (Table 3) . Table 2 Blood rheological properties during hibernation and hindlimb unloading in ground squirrels WBV the whole blood viscosity, BPV the plasma viscosity, HCT the hematocrit, ERI the erythrocyte rigidity index. Data represent mean ± SD; n = 6. *P < 0.05, compared with CON; # P < 0. 
Discussion
The main new finding of this study was a remarkable ability to maintain blood homeostasis in hibernating squirrels. Moreover, the amount of abnormal changed parameters in serum biochemical, rheological, and hematological parameters induced by muscle disuse in non-hibernating squirrels was less than that in non-hibernators, which suggested that the ground squirrels were pre-conditioned to be resistant to disuse-induced disturbance in blood biochemical, rheological, and hematological parameters during non-hibernating period. LDH acts on lactate and converts it into pyruvate, which further oxidized to yield several ATPs. LDH can be detected in various human tissues, and its higher concentration can be found in heart, kidney, and skeletal muscle, followed in liver, spleen, pancreas, and lung tissues. The serum increased LDH mainly result from the impaired heart, liver, kidney, and skeletal muscle tissues. As shown in Table 1 , LDH showed a significant decrease in hibernating and post-hibernation squirrels, which was in consistent with the decreased LDH activity in hibernating goldenmantled ground squirrels (Steffen et al. 1991) . As with hibernating ground squirrels, LDH activity in HU squirrels also reduced despite the decrease of LDH activity (−37%) being less dramatic than in hibernating (−47%) and posthibernating (−57%) periods (shown in Table 1 ). These results indicate that anaerobic metabolism is decreased under both muscle disuse conditions in 14-day hindlimb unloading and months of hibernation inactivity, and are different from the unchanged serum LDH in 14-day hindlimb unloading rats (Cohen et al. 1999) , indicating that following 14-day hindlimb unloading or months of hibernation inactivity ground squirrels can well protect their tissues including skeletal muscle from injury.
ALT and AST are mainly located in the cytoplasm and mitochondria of liver cells, respectively, and play an important role in intracellular trans-amination of amino acids. Increased serum ALT and AST may result from the impaired liver function. Therefore, as shown in Table 1 , the decreased ALT and AST activities in hibernating squirrels suggested that months of hibernation inactivity could not lead to liver injury. ALT and AST activities (Table 1) also decreased significantly in 14-day hindlimb unloading squirrels, which is consistent with other studies in non-hibernators (Broucek et al. 1984; Hellgren et al. 1985) . Meanwhile, the finding in non-hibernating hindlimb unloading squirrels also indicated the prevention of liver injury during disuse in hibernators. Another enzyme ALP is synthesized and secreted by osteoblasts and in diseases of the liver or skeletal system (e.g., rickets, bone cancer, and osteoporosis) in which large amounts of ALP are released into the blood, lead to elevations in serum ALP level. In the present study, ALP levels in ground squirrels showed no changes in both hibernating and hindlimb unloading squirrels. Our result in hibernating squirrels is different from the decreased ALP level seen in brown bears (Ursus arctos) (Graesli et al. 2015) , but our data in hindlimb unloading squirrels are consistent with what has been observed in non-hibernators (including humans) (Alexandre et al. 1988; Hellgren et al. 1985) . The unchanged ALP levels might reflect no bone formation impairment during hibernating or non-hibernating hindlimb unloading hibernators. All these lower or unchanged levels of serum enzymes LDH, ALT, AST, and ALP also suggest that during 14-day hindlimb unloading and months of hibernation inactivity, the liver function of hibernating and non-hibernating hindlimb unloading ground squirrels does not appear to get damaged.
Serum TP mainly constitute of albumin and globulin and involve in the maintenance of pH, plasma osmotic pressure, immunity, coagulation, and transportation of nutrition or some poor water soluble substances (e.g., long chain fatty acids, steroids, and metal ions). However, 14-day hindlimb unloading in our study led to a decrease of serum TP concentration, which might result from the decreased albumin and globulin levels (Table 1) . These results are also similar with what has been observed in other studies carried out on hindlimb unloading animals (Broucek et al. 1984; SantosJunior et al. 2015) , suggesting that muscle disuse-induced atrophy leads to an injury of liver and other cellular functions (e.g., plasma osmotic pressure and immunity), and the later was regulated by these plasma proteins synthesized by liver. In contrast with HU squirrels, hibernating squirrels maintained steady serum TP (including albumin and globulin) concentrations, even in post-hibernation. To our knowledge, only one earlier publication has reported that serum albumin and beta-globulins increased significantly in hibernating hamsters (South and Jeffay 1958) . These results suggested that ground squirrels could inhibit the disuse-induced decrease of TP during hibernation. In addition, we also found that hibernating squirrels have shown a greater ability to maintain the stable content of serum TP than in non-hibernating hindlimb unloading squirrels and other muscle disuse non-hibernators in which a significant decreased was observed (Broucek et al. 1984; Cohen et al. 1999) .
Cholesterol constitutes 25-30% of total fat in the serum and circulates in the form of a lipoprotein complex (Cohen et al. 1999) . Cholesterol mainly produced in the gut and liver tissues, and the remainder is provided by the diet. An increased TC, HDL-C, and LDL-C levels in hibernating squirrels were observed, and, however, all changed indexes recovered in POST when compared with CON squirrels. While all these indexes excepting a decreased LDL-C levels were maintained in 14-day hindlimb unloading, which is different from other studies related to disuse in non-hibernators with increased cholesterol (Cohen et al. 1999; Broucek et al. 1984) . However, in our study serum TC, HDL-C and LDL-C levels in hibernating squirrels showed significantly increase, which is consistent with other studies carried out in hibernating golden-mantled ground squirrels (S. lateralis) (Russom et al. 1992) , 13-lined ground squirrel (Ictidomys tridecemlineatus) (Otis et al. 2011) , and American black bear (Ursus americanus) (Chauhan et al. 2002 ). Fat as a major source of energy for hibernators during hibernation has been well demonstrated (Carey et al. 2003; Cotton 2016 ). Therefore, a simpler explanation for the increased TC is that the animals are mobilizing more triglycerides in hibernation and are producing more lipoproteins which require cholesterol synthesis. In our study, the hypercholesterolemia occurring in hibernation squirrels is primarily associated with the increased fat utilization in hibernation. Interestingly, we also found increased TC, HDL-C, and LDL-C during hibernation were all returned to control levels even lower, such as the lower LDL-C level in POST than that in CON group, suggesting the strong adaptability and plasticity to lipid metabolism in hibernators. On the other hand, different from the above increased indexes during hibernation inactivity, the maintained levels of TG, TC, and HDL-C and the lowered LDL-C level were found in hindlimb unloading squirrels when compared with control squirrels. The main cause of difference in blood indexes between the inactivity in hibernation and hindlimb unloading in nonhibernating period possibly was that the squirrels could be fed normally in non-hibernating period and the fatty acid metabolism is not the principal way to energy supply. Meanwhile, the results suggest that the hibernator displayed an unusual plasticity of lipid metabolism during non-hibernation periods.
As shown in Table 1 , serum creatinine, urea, and glucose concentrations in ground squirrels showed no change in hibernation and post-hibernation as compared to control squirrels, which was consistent with the previous study in hibernating arctic ground squirrels (Citellus undulatus) (Burlington and Klain 1967) . The urea level was influenced by diet and reduced during starvation (Lee et al. 2015) . However, the urea concentration in our study showed no obvious change in hibernation and post-hibernation squirrels during prolonged fasting. Moreover, the uric acid showed a decrease in hibernation squirrels, which might result from the absence of food intake during hibernation. In hindlimb unloading squirrels, the level of serum creatinine decreased significantly, but the level of urea increased significantly. As a product of muscle metabolism, the decrease of serum creatinine might be the result of lower rate of muscular protein degradation. Meanwhile, similarly as hibernating squirrels, there was also no significant change in serum glucose and TG concentrations in HU squirrels.
The present study showed that the calcium concentration was maintained in 14-day hindlimb unloading squirrels (Table 1) . The previous studies on serum changes of calcium level in response to disuse are inconclusive: most showed an increase (Doumas et al. 1971; Doumas 1975; Hellgren et al. 1985; Santos-Junior et al. 2015) or a decrease (Allain et al. 1974; Savolainen 1987) . These results are different from our results obtained from nonhibernating squirrels, suggesting a better calcium homeostasis in ground squirrels. However, serum calcium concentration was increased in hibernating squirrels (Table 1) . Although past researchers reported no change in serum calcium between hibernating and non-hibernating bears, which participated in preventing bone loss (McGee-Lawrence et al. 2015; Vestergaard et al. 2011) , calcium released from bone was observed in hibernating 13-line ground squirrels with bone loss (McGee-Lawrence et al. 2008; Szilagyi and Senturia 1972) . Because the serum calcium concentration was controlled by parathyroid hormone and calcitonin, the levels of serum calcium regulatory hormones need to be detected in future to fully understand the calcium regulation mechanism in Daurian ground squirrels. Our findings in both hibernating and non-hibernating squirrels suggest that the change in serum calcium in ground squirrels may be mainly affected by other factors (including fasting and bone loss) induced by hibernation, but not just by hindlimb disuse. It is well known that the rise in calcium concentrations leads to the reduction of capillary, cell membrane permeability, and neuromuscular excitability. However, we speculate that the increase of serum calcium during hibernation and the recovery in post-hibernation may be important adaption strategy for hibernators to inhibit bone loss. As with calcium, serum phosphorus concentration also showed a significant increase in hibernation squirrels, which is also regulated by the level of serum paraluyroid hormone. In the present study, serum phosphorus and calcium concentrations were higher in hibernating animals than those in control squirrels, which indicated rapid changes in bone turnover. In addition, when squirrels were awakened from hibernation, all serum biochemical parameters recovered to control levels except some serum enzymes and phosphate levels, which indicated that the squirrels had a remarkable ability to maintain blood biochemical homeostasis during hibernation.
Blood viscosity is a measure of the resistance of blood flow, and increased with a decrease in the rate of blood flow (Wells et al. 1962) . Hibernating mammals can adapt well to a decrease in the rate of blood flow. Therefore, in our study, blood viscosity increased in both lower shear rates (including 70 and 30 S −1 ) in hibernating squirrels; this is in agreement with the previous studies carried out in hibernating echidnas (Tachyglossus aculeatus) (Andersen et al. 2000) . The WBV primarily depends on hematocrit, which is the percentage of erythrocyte in the whole blood volume (Salazar Vazquez et al. 2010 ). However, we found no change in hematocrit and a decrease in erythrocyte level in hibernating squirrels, which is consistent with the previous study in hibernating Columbia ground squirrels (Nansel and Knoche 1972) . Plasma viscosity, erythrocyte rigidity, and PLT count also contribute to the maintenance of WBV. As showed in Tables 2 and 3 , only PLT content showed significant decreases. The platelets in squirrel are believed to be stored in vivo at 4-8 °C and released back into the blood during awakening from hibernation with a body temperature of 37 °C (Cooper et al. 2012) . Therefore, the reason of the increase of the blood viscosity in hibernating animals might be the very slow blood flow and increased TC, LDL-C, and HDL-C, but the accurate mechanism still need to be further explored. In addition, WBV in all three shear rates was maintained in 14-day hindlimb unloading squirrels during their non-hibernating periods as compared with control squirrels, which might result from decreases of erythrocyte count, which can weakened the effect of increased ERI on WBV, and no changes of plasma viscosity and PLT (Tables 2, 3 ). These results in non-hibernating squirrels are in contrast to increases of blood viscosity (mainly induced by the changes of hematocrit) observed in 7 days of hindlimb unloading in rats (Saunders et al. 2002) . All together, these findings suggest that the mechanism of elevation in blood viscosity in hibernating squirrels was different from the hindlimb disuse non-hibernators, which appeared to be more likely induced by hypothermia and slow blood flow (Merrill 1969) .
Unlike blood viscosity, plasma viscosity was maintained in hibernation squirrels. Plasma viscosity has been considered to positively correlate with TC and partially correlate with TP (Koenig et al. 1992 ). However, TC rather than TP increased in hibernating squirrels, which suggest that the elevated blood lipids do not significantly affect plasma viscosity of hibernating animals (Table 1) . Moreover, the findings of some unchanged routine hematological parameters are partly in contrast to other reports observed in hibernators (Table 3) . The previous studies reported that leukocyte count, erythrocyte count, hematocrit, and hemoglobin were reduced significantly in hibernating animals (Bouma et al. 2010; Larkin et al. 1972; Haggag et al. 1966) . However, only erythrocyte count and HCT in hibernating squirrels showed a decrease, while leukocyte count and hemoglobin content showed no changes in hibernating squirrels in the present study. These results suggest that there are speciesspecific differences in blood parameters during hibernation.
The previous studies have shown an increase in blood viscosity and erythrocyte rigidity, and a reduction of erythrocyte deformability after hindlimb unloading in non-hibernators (Alfrey et al. 1996; Kaperonis et al. 1988; Saunders et al. 2002) . It is possible that impairment in blood rheology may increase capillary thrombosis and circulation disturbances, reduce blood supply, and finally lead to muscle atrophy in non-hibernators. Despite a significant decrease in muscle mass after 14-day hindlimb unloading, ground squirrels in the non-hibernating period showed no change in blood viscosity, which might result from the unchanged plasma viscosity and PLT count (Tables 2, 3) . Although a decrease of hematocrit and erythrocyte and a rise of erythrocyte rigidity indexes were observed in hindlimb unloading squirrels, these changes did not lead to the changes in blood viscosity. The previous studies reported that the hemoglobin concentration and erythrocyte count decreased after 9 or 14 days space flight in humans (Poliakov et al. 1998; De Santo et al. 2005) . These results suggest better adaptation ability during hindlimb unloading in hibernators than that in non-hibernators.
In conclusion, the absence of food intake in hibernating squirrels did not induce changes in serum creatinine, urea, glucose, and triacylglycerol concentrations, but may lead to the decrease in uric acid in hibernating squirrels. The shift of main metabolic substrate of stored fat was also observed in hibernating animals which may lead to an increase of serum TC in hibernating squirrels. However, non-hibernating hindlimb unloading squirrels could maintain a stable TC level, which was not observed in muscle disused nonhibernators. Meanwhile, some bone-related parameters, including ALP activity, serum phosphorus, and calcium concentrations, were detected in our study. Although ALP activity during hibernation showed no change, serum phosphorus and calcium concentrations increased significantly in hibernation, which indicated a possible change in bone turnover. Moreover, although hibernating squirrels induced an increase of blood viscosity in lower shear rates (70 and 30 S −1 ) which mainly result from the low body temperature, the mechanism appeared to be different from that in nonhibernators. When squirrels were awakened from months of hibernation, all serum biochemical parameters recovered to control levels except serum enzymes and phosphate, which suggested a remarkable ability to maintain blood biochemical homeostasis in hibernators. Despite the muscle atrophy in non-hibernating hindlimb unloading squirrels there was a remarkable maintenance of TC (including HDL-C), calcium, and blood viscosity in all shear rates, which was not observed in non-hibernators. Importantly, the squirrels appeared to prevent the decrease of TP (including albumin and globulin) during hibernation, which was not found in non-hibernating squirrels and non-hibernators. Thus, we considered that the prevention mechanism of the decrease in TP might be the hibernation-induced strategy.
Limitations of the study
In our findings, the changes in blood biochemical, rheological, and hematological parameters protect against atrophy which could just be a correlation and not causative. Whether the blood plasticity in hibernation contributes to the anti-atrophy effect in skeletal muscles needs to be validated experimentally in future.
